Abstract: The potential energy curves (PECs) of the X 2 Π and A 2 Π electronic states of the SO + ion are calculated using the complete active space self-consistent field method, which is followed by the internally contracted multireference configuration interaction (MRCI) approach for internuclear separations from 0.08 to 1.06 nm. The spin-orbit coupling effect on the spectroscopic parameters is included using the Breit-Pauli operator. To improve the quality of PECs and spin-orbit coupling constant (A 0 ), core-valence correlation and scalar relativistic corrections are included. To obtain more reliable results, the PECs obtained by when the aug-cc-pVTZ basis set is used to calculate the spin-orbit coupling splitting. The conclusion is drawn that the core-valence correlations correction makes the A 0 slightly larger. The spectroscopic results are obtained and compared with those reported in the literature. Excellent agreement exists between the present results and the measurements. The vibrational manifolds are calculated, and those of the first 30 vibrational states are reported for the J = 0 case. Comparison with the measurements shows that the present vibrational manifolds are both reliable and accurate.
Π electronic states of the SO + ion are calculated using the complete active space self-consistent field method, which is followed by the internally contracted multireference configuration interaction (MRCI) approach for internuclear separations from 0.08 to 1.06 nm. The spin-orbit coupling effect on the spectroscopic parameters is included using the Breit-Pauli operator. To improve the quality of PECs and spin-orbit coupling constant (A 0 ), core-valence correlation and scalar relativistic corrections are included. To obtain more reliable results, the PECs obtained by the MRCI calculations are corrected for size-extensivity errors by means of the Davidson modification (MRCI+Q) 
Introduction
The SO + ion is an important species of considerable physical, chemical and astrophysical interest. The ion is isovalent to O 2 + and is one of the main constituents of plasmas containing sulfur and oxygen. In the past several decades, it has been detected in interstellar molecular clouds [1] [2] [3] , the plasma torus of Jupiter [4] , comet Halley [5] and the Io torus [6] [7] [8] . Its concentration may be a critical indicator of the chemistry of both the plasma torus surrounding Jupiter in the orbit of Io [4] and the interstellar clouds. Besides these, in the ion chemistry of the Earth atmosphere, the role of the cation is also very important. At the same time, its spectral information is of great significance in scientific experiments and material analyses [9] . Therefore, it is not surprising that a lot of attention has been paid to the spectroscopic and molecular properties of the ion not only by experimental methods, but also theoretically as well.
Laboratory spectroscopic studies of the SO + cation have been undertaken for more than three decades. The first observations were made by Dyke et al. [10] in 1974, who characterized the SO + ion by vacuum ultraviolet photoelectron spectroscopy (PES). Dyke et al. [10] determined the potential energy curves (PECs) of six electronic states, but failed to locate the origins of the A Π band at high resolution. The corresponding rotational analyses were also made in their work [14, 15] . A number of spectroscopic parameters and molecular constants were determined for the two electronic states in these investigations [10] [11] [12] [13] [14] [15] .
Subsequently, Milkman et al. [16] in 1986 recorded the A 2 Π-X 2 Π band system of the cation in a rotationally cold supersonic expansion at a resolution of 0.3 cm
and made some rotational analyses. The derived constants for this band system and reported for 60 bands involving υ" = 0-10 and υ' = 0-11. Then in 1988, they [17] observed rotationally cold emission for the A 2 Π-X 2 Π band of the SO + cation at high resolution using a slot-shaped corona excited supersonic expansion. Bands with υ' = 0-8 and υ" = 3-11 have been assigned and analyzed at high resolution. The spectroscopic results they obtained are of high quality to this day. Norwood and Ng [18] in 1989 measured photoion-photoelectron coincidence (PIPECO) spectra in the wavelength range from 102.5 to 121.0 nm for the SO and S 2 O molecules by a pulsed PIPECO approach. Vibronic bands attributable to the formation of the SO + (X 2 Π 3/2, 1/2 , υ = 0-11) were resolved in the SO + PIPECO spectra. Amano et al. [19] in 1991 observed the rotational transitions in the 2 Π 3/2 electronic state, and obtained a more complete set of spectroscopic parameters, including the effective spin-rotation coupling constant. Dyke et al. [20] in 1997 reported their PES measured by the vacuum ultraviolet radiation from a synchrotron. Some spectroscopic parameters and molecular constants of the involved electronic states were determined. Π electronic states employing the self-consistent field (SCF) method followed by the configuration interaction (CI). Klotz et al. [23] in the same year studied the zero-field splitting for the ground state of the cation using the standard multireference CI (MRD-CI) method, and calculated the A 0 values using two groups of atomic orbit (AO) basis sets. Balaban et al. [24] in 1989 optimized the structures of 12 molecules. For the SO + (X 2 Π) cation, they determined its R e value of 0.1411 nm at the SCF/6-31G*(5d) level. Midda and Das [25] in 2003 studied the molecular properties of the SO + (X 2 Π) cation using the hybrid density functional HF/ DF B3LYP method and four basis sets from 6-311++G(2df, 2pd) to aug-cc-pVTZ. They determined its R e value to be 0.1421 nm. More recently, Houria et al. [9] As we know, both the core-valence correlation and scalar relativistic corrections have important effects on the accurate prediction of the spectroscopic parameters and molecular constants. On the one hand, as seen in previous theoretical work [9, 10, 13, [22] [23] [24] [25] , only one [22] has included the core-valence correlation effect, and no results have taken into account the scalar relativistic correction. Therefore, to obtain more reliable spectroscopic and molecular properties, more work should be done so as to include the core-valence correlation and scalar relativistic corrections, in particular for the A 0 calculations. On the other hand, the molecular properties of the SO + ion have received little attention in the past several decades, whether in experiment or in theory. In addition, some vibrational levels in the ground state are missing and the vibrational levels for the A 2 Π electronic state are simply unknown in the past work. Therefore, there is room for improvement of the spectroscopic parameters by theory.
In the present work, the PECs of X 2 Π and A 2 Π electronic states of the SO + molecular cation are calculated for internuclear separations from 0.08 to 1.06 nm. The calculations are performed using the complete active space SCF (CASSCF) method, which is followed by the internally contracted multi-reference CI (MRCI) approach [26, 27] together with the correlation-consistent aug-cc-pV5Z (AV5Z) basis set [28] [29] [30] . Then, the effects on the PECs by the core-valence correlation and scalar relativistic corrections are included. To obtain more reliable PECs, the Davidson modification [31, 32] based on the MRCI calculations (MRCI+Q) is taken into account. The spectroscopic parameters are obtained by fitting the vibrational levels, which are calculated by solving the ro-vibrational Schrödinger equation. The spectroscopic parameters are compared with those reported in the literature. Using the Breit-Pauli operator, the spin-orbit coupling effect on the spectroscopic parameters is included in the present PEC calculations of the X 2 Π and A 2 Π electronic states by two basis sets, aug-cc-pCVTZ (ACVTZ) and aug-cc-pVTZ (AVTZ) [33, 34] 
Computational Details
Here we calculate the PECs of X 2 Π and A 2 Π electronic states of the SO + cation by the CASSCF method, which is followed by the MRCI approach [26, 27] for internuclear separations from 0.08 to 1.06 nm. Therefore, the full valence CASSCF is used as the reference wavefunction for the MRCI calculations in the present work. For the PEC calculations, the MRCI theory has proven particularly successful. Especially in recent years, we have reported a number of high-quality spectroscopic results for a variety of diatomic molecules [35] [36] [37] [38] [39] [40] . Here, all the PEC calculations are performed using the MOLPRO 2008.1 program package [41] .
MOLPRO only uses Abelian point group symmetry. For molecules with degenerate symmetry, an Abelian subgroup must be used. That is, for a diatomic cation such as SO + with C ∞v symmetry, it will be substituted by C 2v symmetry with the order of irreducible representations being a 1 To accurately determine the PECs of the two electronic states, the interval used here is 0.02 nm, except near the equilibrium internuclear separation where the spacing is 0.002 nm. Here, the smaller step size is adopted around the equilibrium separation of each electronic state so that the properties of each PEC can be displayed more clearly.
With the aid of module VIBROT in the MOLCAS 7.4 program package [42] , the spectroscopic parameters (excitation energy term T e , equilibrium internuclear separation R e , harmonic frequency ω e , first-and second-order anharmonic constants ω e x e and ω e у e , rotational constant B e , rotation-vibration coupling constant α e and rigid rotational constant D rot ) and vibrational manifolds are calculated for the two electronic states. Here, we use the module VIBROT to make the corresponding vibration-rotation spectrum calculations. In the module VIBROT, the potential is fitted to an analytical form by cubic splines. The ro-vibrational Schrödinger equation is then solved by Numerov's method [43] . That is, the ro-vibrational constants are calculated in a direct forward manner from the analytic potential by solving the ro-vibrational Schrödinger equation, and the spectroscopic parameters are determined by fitting the vibrational levels. Here, we collect the spectroscopic results obtained by the MRCI/AV5Z calculations in Table 1 . In addition, we also present the experimental spectroscopic parameters reported in the literature [17] in the table for convenient comparison. To include the effect on the spectroscopic results by the core-valence correlation corrections, we perform the PEC calculations of the two electronic states over the present internuclear separations by both taking and not taking into account the core-valence correlation effect using the ACVTZ basis set [33, 34] . That is, the ACVTZ basis set with all electrons correlated and the ACVTZ basis set within the frozen-core approximation are used for the present core-valence correlation contribution calculations. Here, it should be pointed out that "all electrons correlated" for the sulfur atom do not include the two 1s electrons. And "within the frozen-core approximation" means that the 1s, 2s and 2p electrons of the sulfur and the 1s electrons of the oxygen atom are not correlated. In detail, for a given electronic state, the difference between the two energies yields the core-valence correlation contributions. Adding the core-valence correlation correction results to the present AV5Z values (denoted as +CV), we determine the PECs corrected by the core-valence correlation effect. We calculate the spectroscopic parameters with the aid of module VIBROT [42] , and include the corresponding spectroscopic results in Table 1 for comparison.
To evaluate the effect on the spectroscopic parameters by the scalar relativistic correction, we perform the PEC calculations over the present internuclear separations at the level of a cc-pV5Z basis set by both taking and not taking into account the relativistic effect. In this work, we employ the third-order Douglas-Kroll Hamiltonian (DKH3) approximation [44] [45] [46] to make the present scalar relativistic correction calculations since the total energy at the DKH3 approximation can best yield the full 4-component scalar relativistic correction results. The cc-pV5Z-DK basis set [47] with the DKH3 approximation and the cc-pV5Z basis set with no scalar relativistic corrections are used for the scalar relativistic correction contribution calculations. In detail, for a given electronic state, the difference between the two energies yields the scalar relativistic correction results. Adding the scalar relativistic correction results to the present AV5Z values (denoted as +DK), we determine the PECs corrected by the relativistic effect. With the PECs obtained here, we calculate the spectroscopic results with the help of the module VIBROT [42] . Similar to those of the core-valence correlation correction, these spectroscopic parameters are also presented in Table 1 for comparison.
By simultaneously adding the core-valence correlation correction and scalar relativistic correction results determined above to the present AV5Z values, we obtain the PECs corrected by both effects. Using these PECs, the spectroscopic parameters are calculated with the aid of the module VIBROT [42] . The spectroscopic results are collected in Table 1 for comparison.
To obtain more reliable results, the PECs determined by the MRCI calculations are corrected for size-extensivity errors by means of the Davidson modification [31, 32] . Similar to those in the MRCI calculations, we also include the additional core-valence correlation and/or scalar relativistic correction results in the present MRCI+Q/AV5Z values. It should be pointed out that the additional core-valence correlation and scalar relativistic corrections used here are calculated at the MRCI+Q level. With these PECs, we fit the spectroscopic parameters using the vibrational levels, which are obtained by solving the ro-vibrational Schrödinger equation with the aid of the module VIBROT [42] . The spectroscopic parameters determined here are collected in Table 1 Π 1/2, 3/2 ) by correlating core-valence electrons, we use two all-electron basis sets, ACVTZ and AVTZ, to investigate the spin-orbit coupling splitting of the two electronic states of the SO + cation. The spin-orbit coupling calculations are performed by computing the Breit-Pauli spin-orbit matrix elements among the components of the interacting states using internally contracted MRCI wave functions [48] , and the orbitals of involved Ω components are optimized by using the CASSCF approach. When we have obtained the PECs of the involved Ω components, the spectroscopic parameters are calculated with the aid of module VIBROT [42] . Adding the spin-orbit coupling corrections to the present AV5Z potential energies (denoted as +SO), we obtain the PECs corrected by the spin-orbit coupling effect. Adding the spin-orbit coupling corrections to the present AV5Z+CV+DK values (denoted as AV5Z+CV+DK+SO), we obtain the PECs corrected by the spin-orbit coupling, core-valence correlation and relativistic effects. With these PECs, the spectroscopic parameters of the involved Ω electronic states are evaluated with the aid of the same module VIBROT [42] .
Results and Discussion

Spectroscopic Parameters of Λ-S States
The Davidson modification lowers the total energy by 26.084 and 29.531 mE h for the X 2 Π and A 2 Π electronic states near the internuclear equilibrium separations, respectively. Table 1 demonstrates the effects on the T e , R e , ω e and other spectroscopic parameters by the Davidson modification. As seen in Table 1 , (1) for the MRCI+Q calculations. On the whole, the effects on the R e and ω e by the core-valence correlation correction are more pronounced than those by the Davidson modification.
With only the scalar relativistic correction added in the X 2 Π and A 2 Π electronic states, the total energy is lowered by about 1.135 E h near the internuclear equilibrium position. [22] also thought that it was premature at this point to conclude that correlating core electrons (augmented with appropriate core-valence basis sets) in the active space was a necessity for increasing the accuracy of the spin-orbit coupling calculations. To check this standpoint, here, we use two all-electron basis sets, ACVTZ and AVTZ, to perform the present spin-orbit coupling calculations. Table 3 , for which the AVTZ basis set is used to calculate the spin-orbit coupling corrections; and we tabulate the spectroscopic parameters obtained by the MRCI+Q/AV5Z +SO calculations in Table 4 , for which the ACVTZ basis set is used to calculate the spin-orbit coupling corrections. For convenient comparison, for the X 2 Π and A 2 Π Λ-S states, we present the spectroscopic parameters calculated by the MRCI+Q method in combination with the AV5Z basis set in Tables 3 and 4 , respectively, for which the spin-orbit coupling corrections are omitted. When the AVTZ basis set is used to perform the spin-orbit coupling calculations at the MRCI+Q level, the total energy of the X . According to the potential energies given here, it is not difficult to determine that the ground-state energy is lowered by about 172.29 cm
due to the spin-orbit coupling effect. As shown in Table 3 , the spin-orbit coupling correction has no effect on the R e and only produces a very small effect on the ω e .
When the ACVTZ basis set is used to make the spin-orbit coupling calculations at the MRCI+Q level, the total energy of the X , and the ground-state energy of the cation is lowered by about 181.07 cm −1 due to the spin-orbit coupling effect. As shown in Table 4 , the spin-orbit coupling correction has no effect on the R e and produces a very small effect on the ω e . For the X Table 5. Similar to Tables 3 and 4 , here we also tabulate the spectroscopic results obtained by the MRCI+Q/AV5Z+CV+DK calculations without the spin-orbit coupling in Table 5 Table 3 and 5, we find that the inclusion of core-valence correlation and scalar relativistic corrections does not bring about the effect on the A 0 , but makes the R e and ω e closer to the measurements [12,13]. Table 5 , it should be pointed out that the spin-orbit coupling calculations in Table 6 are performed with the core-valence correlation ACVTZ basis set. Here, we tabulate the spectroscopic parameters obtained by the MRCI+Q/AV5Z+CV+DK calculations without the spin-orbit coupling in Table 6 as the "X 2 Π" results, and we also collect some experimental [10] [11] [12] [13] and theoretical [10, 13, 23 ] results in Table 6 for convenient comparison. In order to avoid congestion in Table 6 , other experimental [14, 15, 17, 18, 20, 22] and theoretical [9, 13, 22] Exp.
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[ a Spin-orbit coupling splitting is calculated by using the MRCI+Q method and the ACVTZ basis set; b Spin-orbit coupling splitting is calculated by using the MRCI+Q method and the AVTZ basis set. As seen in Table 6 , at the MRCI+Q/AV5Z+CV+DK+SO level, the A 0 of the SO + (X 2 Π 1/2, 3/2 ) obtained by using the ACVTZ basis set for the spin-orbit coupling calculations is 362.13 cm −1 , which agrees well with the recent measurements, 365.36 cm −1
[22]. The result is obviously superior to the one obtained by using the AVTZ basis set for the spin-orbit coupling correction. As demonstrated in Table 7 , the A 0 difference between the ACVTZ and AVTZ basis set is 17.77 cm From Tables 6 and 7 , at the MRCI+Q/AV5Z+CV+DK+SO level, we can clearly see that the A 0 of the SO + (X 2 Π 1/2, 3/2 ) obtained by using the ACVTZ basis set for the spin-orbit coupling calculations is the closest to the recent measurements [22] among all the theoretical results [9, 10, 13, 22] . Other spectroscopic results such as R e , ω e and ω e x e also agree favorably with the experimental ones [12,13]. As a conclusion, we think that the spectroscopic parameters collected in Table 6 are of high quality.
As shown in Table 2 , only Houria et al. [9] in 2006 have studied the spectroscopic parameters of the A 2 Π electronic state. Obviously, the present results are superior to those obtained by Houria et al. [9] when compared with the measurements [17] .
At the equilibrium position, when the AVTZ basis set is used to calculate the spin-orbit coupling splitting, we find that the total energy of A Table 3 . As shown in Table 3 for the ω e . At the equilibrium position, when the ACVTZ basis set is used to calculate the spin-orbit coupling splitting, we also find that the total energy of the A 2 Π 1/2 component is higher, and the total energy of A 2 Π 3/2 is lower than that of the SO + (A 2 Π) cation. With these correction results added into the present MRCI+Q/AV5Z values, the obtained spectroscopic results are collected in Table 4 . As shown in Table 4 , obtained by using the AVTZ basis set for the spin-orbit coupling calculations. In addition, the effects on the R e and ω e by the spin-orbit coupling correction are very small, and the separations between the A 2 Π 3/2, 1/2 components are only 0.00003 nm for the R e and 0.789 cm −1 for the ω e , respectively. Table 5 also tabulates the spectroscopic results obtained by using the AVTZ basis set for the spin-orbit coupling calculations of the A 2 Π 1/2 and A 2 Π 3/2 components at the MRCI+Q/AV5Z+CV+DK level. As shown in Table 5 , the inclusion of core-valence correlation and scalar relativistic corrections brings about no effect on the A 0 for the SO + (A 2 Π 3/2, 1/2 ), and still produces a very small effect on the R e and ω e . Table 6 demonstrates the effect on the spectroscopic results of the A 
Vibrational Manifolds
Here, we only use the PECs obtained by the MRCI+Q/AV5Z+DK+CV calculations to determine the vibrational manifolds of X Tables 8 and 9 , respectively. For the G(υ) of X 2 Π electronic state, only one group of RKR data can be found in the literature [49] . We collect the only group of RKR data in Table 8 for comparison. As seen in Table 8 Table 8 , excellent agreement can also be found between them. . Excellent agreement exists between the present result and the experimental one. As seen in Table 9 , the present B υ results agree favorably with the measurements [15] [16] [17] . For example, the differences between the present B υ results and the measurements [15] are only 0.17% and 0.19% for υ = 0 and 1, and the differences between the present B υ and the measurements [16] are 0.12%, 0.30%, 0.04% and 0.49% for υ = 0, 4, 7 and 11, respectively. At the same time, the largest deviation of the present B υ results from the measurements [17] is also only by 0.29% (which corresponds to υ = 5). All the comparisons demonstrate that the present B υ results tabulated in Table 9 are accurate. [17] have been found in the literature to our knowledge. For convenient comparison with the present results and to avoid congestion, only some of these experimental data are collected in Table 9 . As seen in Table 9 Tables 2 and 6 , the present spectroscopic parameters obtained by the MRCI+Q/AV5Z+CV+DK calculations agree well with the measurements for the two electronic states. On the other hand, the vibrational manifolds of the ground state and the B υ and D υ results of the A 2 Π electronic state are also in excellent agreement with the experimental data. Because all the results are calculated by the same approach and fitted by the same procedure, we believe that the G(υ) results of the A 2 Π electronic state collected in Table 9 and the vibrational manifolds for higher vibrational levels presented in Tables 8 and 9 are reliable and accurate. They should be of considerable value for future experimental or theoretical research.
Finally, we will discuss the effect on the vibrational manifolds by the spin-orbit coupling correction [50] [51] [52] [53] . On the whole, the spin-orbit coupling correction brings about only small change for lower G(υ), whereas it can produce the shift of more than ten cm 
Conclusions
In this work, the PECs of the X when the AVTZ basis set is used for the spin-orbit coupling calculations. We conclude that the core-valence correlation ACVTZ basis set makes the A 0 slightly large when compared with the AVTZ set, which does not correlate core-valence electrons. With these PECs determined by the MRCI+Q/AV5Z+CV+DK calculations, the vibrational manifolds are calculated for each vibrational state of the two electronic states, and those of the first 30 vibrational states are reported for the 
